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Abstract
Methods for the direct C–H functionalization of aromatic compounds are in demand for a variety 
of applications, including the synthesis of agrochemicals, pharmaceuticals, and materials. Herein, 
we disclose the construction of aromatic nitriles via direct C–H functionalization using an 
acridinium photoredox catalyst and trimethylsilyl cyanide under an aerobic atmosphere. The 
reaction proceeds at room temperature under mild conditions and has proven to be compatible 
with a variety of electron-donating and -withdrawing groups, halogens, and nitrogen- and oxygen-
containing heterocycles, as well as aromatic-containing pharmaceutical agents.
Nitrile-containing aromatic groups are well represented throughout agrochemicals and 
therapeutic molecules (Scheme 1A). In addition to being prevalent in a number of bioactive 
compounds, cyanoarenes provide an excellent functional group handle that can be 
transformed to give derivatives of benzoic acid through hydrolysis,1 aryl ketones or imines 
after treatment with a strong nucleophile,2 benzaldehydes or benzylamines by reduction,3 
aryl-amides through hydration, and even tetrazoles through [3+2] cycloadditions with 
sodium azide.4
Classical approaches to cyanoarene synthesis include the Sandmeyer reaction from the 
corresponding diazonium salt5 or transition-metal-catalyzed cross-coupling with the 
requisite aryl halide.6–14 Few C–H functionalization methods exist for directly producing 
benzonitriles from unfunctionalized arenes, and they employ Rh or Co catalyst systems, 
often requiring elaborate directing groups and exotic reagents,15–20 harsh lithiation 
conditions,21 or electrophilic sources of cyanide that give poor selectivity or significant 
byproduct formation.22 While the aforementioned methods are successful at accessing arene 
cyanation, a mild and metal-free C–H cyanation of aromatic compounds employing a 
common and inexpensive cyanide source has yet to be reported.
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Recent efforts from our laboratory have demonstrated the reactivity of arene cation 
radicals,23 generated via photoinduced electron transfer from the excited state of an 
acridinium catalyst,24 to accomplish direct C–H amination of a range of aromatics and 
heteroaromatics bearing a variety of functional groups.25 Importantly, this transformation 
does not require the presence of a directing group and is highly para-selective for 
monosubstituted benzenes.26–28 Recognizing the importance of cyanoaromatics, and 
previous literature citing the addition of cyanide to arene radical cations,29,30 we decided to 
investigate the use of cyanide nucleophiles in reactions with arene cation radicals to access 
this class of compounds. We proposed that the highly oxidizing 3,6-di-tert-butyl-9-
mesityl-10-phenylacridinium tetrafluoroborate (1, E1/2red* = +2.15 V vs SCE)25 would be an 
effective photooxidant to generate reactive arene cation radicals as key electrophilic 
intermediates from a range of aromatics (Scheme 1B). Combining a nucleophilic source of 
cyanide and O2 as the terminal oxidant, we hoped to realize one of the only catalytic 
examples of direct C–H cyanation of substituted aromatic compounds.
Reaction development began using diphenyl ether (2a) and the initial conditions from the 
aryl amination developed in our lab (Table 1, entry 1).25 Using catalytic TEMPO and either 
the potassium or tetrabutylammonium cyanide salts in 1,2-dichloroethane (DCE) did not 
result in any product formation (Table 1, entries 1 and 2). Switching to a more polar organic 
solvent and introducing an aqueous co-solvent yielded trace amounts of the para and ortho 
isomers of 3a, as detected by GC-MS (Table 1, entry 3). It was not until saturated aqueous 
NaHCO3 was added to the reaction mixture that more promising yields (12%) were 
observed (Table 1, entries 4–6). Both potassium and sodium cyanide afforded disappointing 
yields of the benzonitrile adduct (12% and 24%, respectively), as did the initial use of 
trimethylsilyl cyanide (TMSCN, 30% yield, entry 6). However, after we surveyed several 
different aqueous phosphate buffers as the co-solvent (Table 1, entries 7–9), pH 9 buffer, in 
conjunction with TMSCN, gave 3a in a combined 69% yield of para and ortho isomers 
(1.6:1 p:o) on a 0.5 mmol scale. The success of TMSCN as the optimal cyanation reagent 
can be rationalized by its ability to release cyanide slowly over the course of the reaction, 
allowing for a low effective concentration of the free cyanide anion during the reaction.31 
Conducting the reaction in the absence of light or the acridinium photocatalyst did not afford 
any of the desired product (Table 1, entries 10 and 11).
With the optimal conditions identified, we explored the scope of this transformation, 
beginning with simple monosubstituted aromatic systems (Chart 1). Biphenyl was 
functionalized to form the corresponding phenylbenzonitrile (3b) in good yield (80%), 
showing a preference for the para-substituted product (3:1). Benzyl-protected phenol (2c) 
was converted to the desired product 3c in 52% yield, albeit with 1.2:1 regioselectivity. 
Silyl-protected phenols (2d, 2e) were also tested under these reaction conditions; both tert-
butyldiphenylsilyl- (TBDPS) and triisopropylsilyl (TIPS)-protected phenols were converted 
to 4-cyanophenol as the only product after being subjected to the reaction conditions for 72 
h. It is likely that, after addition of cyanide to the silyl-protected radical cation and formation 
of the desired benzonitrile, the silyl group is cleaved by the mildly basic aqueous 
conditions.32 Cyanation of naphthalene (2f) and 2-methoxynaphthalene (2g) proved 
successful, in each case giving C–H cyanation solely at the 1-position. 1,3,5-Trisubstituted 
McManus and Nicewicz Page 2
J Am Chem Soc. Author manuscript; available in PMC 2017 August 03.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
aromatic compounds were screened with mesitylene (2h), furnishing 2,4,6-
trimethylbenzonitrile (3h) in 35% yield; however, this was the only product detected in the 
reaction, as no benzylic oxidation products were observed. Subjection of 3,5-
dimethylanisole (2i) to the C–C bond-forming conditions gave a mixture of benzonitrile 
products 3i in excellent yield, forming the C–CN bonds on 2- and 4-positions 
indiscriminately.
More diverse functionality on the arene proved to be compatible under the acridinium 
photoredox conditions. Electron-rich systems such as 2-allyloxyanisole (2j) and 1,3-
dimethoxybenzene (2k) were suitable substrates, forging the benzonitrile products in fair 
yields while retaining the allyl group in the case of 2j, which is typically unstable to Pd-
catalyzed conditions.33–35 Benzyl-protected 3-allylphenol (2l) afforded the anticipated 
cyano adduct with complete regiocontrol, demonstrating the compatibility of unsaturated 
systems under these conditions. Both cyclopropylmethyl- and cyclopropyl-substituted 
compounds 2m and 2n, respectively, successfully underwent aryl cyanation under these 
conditions to give the corresponding benzonitrile without undergoing ring opening. 
Electron-rich aryl halides such as 3-fluoroanisole (2o) gave a mixture of C4 and C6 
substitution products 3o as a 1:2 mixture in good yield, while 2-chloroanisole (2p) led to a 
single regioisomer of product 3p in 48% yield. Electron-withdrawing groups were also 
investigated under these conditions, demonstrated by benzophenone (2q), which was 
converted to the benzonitrile product 3q, giving a single regioisomer with complete site 
selectivity for the more electron-rich aromatic ring. Methyl ester 2r produced the 
corresponding benzonitrile exclusively para to the methoxy group (3r). Interestingly, 1,2-
dialkoxybenzenes are recalcitrant to the reaction conditions, possibly due to insufficient 
charge density at the other four sites on the ring.36 However, we discovered that changing 
one of the alkoxy groups to a more electron-deficient tosylate, as in 2s, rendered this 1,2-
dialkoxybenzene reactive, giving a single regioisomer of the benzonitrile 3s.
We next investigated the applicability of the cyanation reaction conditions to heteroaromatic 
systems. When N-Boc-5-methoxyindole (2t) was subjected to cyanation conditions, the 
corresponding cyanated product 3t was produced exclusively at the C4 position. Typically, 
this is a difficult site to functionalize, often requiring harsh conditions with low substrate 
compatibility.37,38 Similarly, 2,6-dimethoxypyridine (2u) was successfully cyanated at the 
C3 position exclusively to give the pyridinecarbonitrile product 3u in modest yield, while N-
methylindazole (2v) afforded the cyanation products 3v at the C7 and C3 positions in a 1.3:1 
ratio, respectively, in 51% yield. The oxygen-containing heterocycle chromane (2w) was a 
suitable substrate in this reaction, giving the cyanated product 3w para to the oxygen 
substituent as a single product.
The reaction conditions were also suitable for more structurally complex bioactive 
substrates. Naproxen methyl ester (2x) was successfully cyanated adjacent to the methoxy 
group, similar to what was observed in the naphthalene derivatives discussed previously (3f, 
3g). Gemfibrozil methyl ester (2y) was cyanated exclusively para to the alkoxy-donating 
group to give 3y. Indole-containing N-Boc-melatonin (2z) was functionalized exclusively at 
the C4 position, and last, fenoprofen methyl ester (2aa) was well tolerated under these 
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conditions, affording cyanide addition solely to the more electron-rich ring, and giving a 
single regioisomer (3aa), demonstrating selectivity for substrates containing multiple arene 
rings.
In general, the substrates investigated gave clean reactivity, either leading to the desired 
product or returning unreacted starting material. Additionally, in the cases where 4.0 equiv 
of TMSCN was required for optimal reactivity, only the monocyanated product was 
observed, with no dicyanation products detected. Substrates that led to a mixture of product 
isomers exhibit substitution patterns consistent with previously developed calculations 
outlining the electrophilic sites of electron-rich arene radical cations.39
While the mechanism of this reaction still requires further investigation, we hypothesize that 
the reaction proceeds through the pathway outlined in Scheme 2. The acridinium 
photocatalyst 1 is promoted to its highly oxidizing excited state, Mes-Acr+* (E1/2red* = 
+2.15 V vs SCE) using blue light. The arene 2 is oxidized to the corresponding radical 
cation 5, giving the reduced acridinium, Mes-Acr• (6). Cyanide then engages 5 either ortho 
or para to the electron-donating substituent. Fukuzumi proposed that cyclohexadienyl radical 
7 can be oxidized by molecular oxygen to give the desired benzonitrile product 3.26,27 In 
order to complete the catalytic cycle, it is likely that either the hydroperoxy radical or 
molecular oxygen can oxidize Mes-Acr• (6) to regenerate the ground-state catalyst 1. It is 
worth noting that the oxidation potential of the free cyanide anion was found to be +0.60 V 
vs SCE, opening the possibility that Mes-Acr+* is able to oxidize cyanide to the 
corresponding radical. However, it is unlikely that this reaction proceeds through this 
pathway, as it has been shown that cyanide radical adds to arenes in an unselective manner, 
giving nearly statistical mixtures of the ortho-, meta-, and para-substituted products.40 
Additionally, it has been shown that the oxidation of cyanide in the presence of water 
quickly generates cyanate anions.41 It is unlikely that cyanate anions would act as reactive 
species to produce the desired benzonitriles in this system. Finally, the observed ortho–para 
regioselectivity is consistent with prior work and can be best explained by the location of 
partial charges on intermediate 5.25,27
In conclusion, we have developed a photoredox-catalyzed system taking advantage of an 
acridinium photooxidant to achieve direct C–H functionalization to furnish aromatic and 
heteroaromatic nitriles. The conditions developed are mild and proved to be compatible with 
sensitive or reactive functionalities. The reaction also avoids undesired reactivity at the 
benzylic positions of the substrates, allowing for exclusive aromatic ring C–H 
functionalization. Future studies are aimed at elucidating the origins of the regioselectivity 
in more complex substrates.
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Scheme 1. 
(A) Pharmaceuticals Containing Benzonitriles and (B) Photoredox-Catalyzed Generation of 
Benzonitriles
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Scheme 2. 
Possible Mechanism for Photoredox-Mediated Generation of Benzonitriles
McManus and Nicewicz Page 8
J Am Chem Soc. Author manuscript; available in PMC 2017 August 03.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
Chart 1. 
Scope of Arene Cyanation Reaction
aSingle regioisomer. b72 h reaction time. c4.0 equiv of Me3SiCN used. dProduct prone to 
decomposition; see SI for details.
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